Iowa S t a t e U n i v e r s i t y , Ames, I A 50011 A b s t r a c t -The r e a c t i v i t y o f many "naked" c l u s t e r s and t h e means by which these may be i s o l a t e d as s t a b l e "chemical" c l u s t e r s a r e b r i e f l y considered f o r t h e o r b i t a l l y -r i c h t r a n s i t i o n metals, where c l u s t e r s must be sequestered by c o o r d i n a t i o n w i t h ligands, and f o r t h e heavier main group elements t h a t u t i l i z e o n l y t h r e e p o r b i t a l s i n bonding. s h e l l c o n f i g u r a t i o n s a r e known f o r t h e l a t t e r group both as s o l i d s a t room temperature and i n c l u s t e r beams. a t e l e v a t e d temperatures are obtained w i t h c h l o r i d e , s u l f i d e , e t c . as l i g a n d s .
INTRODUCTION
Clusters o f metal atoms a r e o f g r e a t i n t e r e s t i n m a t e r i a l s chemistry as w e l l as i n impinging areas o f chemistry and physics.
c l u s t e r s s t u d i e d i n t h e gas phase and a t t h e other, condensed nanoscale t o micron-sized p a r t i c l e s with considerable p o t e n t i a l f o r c a t a l y s i s , microdevices, e t c . ( r e f . 1). However, metal c l u s t e r s seen i n beam s t u d i e s u s u a l l y e x h i b i t l i t t l e s t a b i l i t y d i s c r i m i n a t i o n w i t h respect t o s i z e i n t h e range o f roughly 5 -25 o r more atoms, many appearing t o have more o f t h e c h a r a c t e r o f van d e r Waals o r " j e l l i u m " molecules than o f "chemical" c l u s t e r s w i t h well defined, closed s h e l l e l e c t r o n i c c o n f i g u r a t i o n s and h i g h s t a b i l i t i e s such as are known i n more molecular systems, P4 and Cb0 f o r example ( r e f . 2 ) . The e q u i l i b r i u m e l e c t r o n i c s t r u c t u r e s o f small "chemical" c l u s t e r s o f metals should n a t u r a l l y be b e t t e r described by molecular o r b i t a l r a t h e r than by band methods s u i t a b l e t o t h e b u l k . However, i t appears l i k e l y t h a t few i f any metal c l u s t e r s w i t h these closed s h e l l c o n f i g u r a t i o n s and r e l a t i v e l y h i g h s t a b i l i t i e s a r e achieved i n most s i n g l e component beams because o f n a t u r a l l i m i t a t i o n s on t h e valence e l e c t r o n counts t h a t can be achieved. course unknown i n condensed systems because o f t h e i r i n t r i n s i c r e a c t i v i t y . w i l l b r i e f l y e x p l o r e t h e bases f o r t h e above behaviors and some exceptions t h e r e t o and then w i l l o u t l i n e t h e newer aspects o f t h e more s t a b l e "chemical" c l u s t e r s t h a t may be achieved i n b i n a r y and t e r n a r y systems. A new f e a t u r e o f t h i s chemistry i s t h e added v e r s a t i l i t y and s t a b i l i t y achieved f o r t r a n s i t i o n metal c l u s t e r h a l i d e s through m a n i p u l a t i o n o f t h e c l u s t e r e l e c t r o n c o n f i g u r a t i o n s and thereby t h e phases formed v i a t h e ehcapsulation o f i n t e r s t i t i a l atoms w i t h i n t h e c l u s t e r s . We w i l l a l s o r e l a t e t h e beginnings o f a new c l u s t e r chemistry t h a t can be achieved i n i n f i n i t e chain s t r u c t u r e s o f some e l e c t r o n -r i c h p o l a r i n t e r m e t a l l i c phases w i t h t h e Mn5Si3 s t r u c t u r e and t h e broad i n t e r s t i t i a l chemistry t h a t i s p o s s i b l e t h e r e i n .
A t one end o f t h e spectrum a r e t h e "naked" homoatomic Examples o f these same c l u s t e r s are o f T h i s a r t i c l e
NAKED CLUSTERS

T r a n s i t i o n metals owe much o f t h e i r p r o l i f i c chemistry t o t h e p r o f u s i o n o f good bonding o r b i t a l s , namely ( n -l ) d , ns and np, b u t i t i s t h i s same o r b i t a l abundance t h a t precludes t h e i s o l a t i o n o f small naked t r a n s i t i o n -m e t a l c l u s t e r s t h a t a r e s t a b l e i n b u l k . As an example, J. D. CORBETT e t a / . a six-metal c l u s t e r w i t h octahedral symmetry w i l l e x h i b i t 7 o r 8 good c l u s t e r -b o n d i n g o r b i t a l s and an equal number t h a t a r e s t r o n g l y antibonding, b u t t h i s w i l l s t i l l leave about h a l f o f t h e d o r b i t a l s unused, r o u g h l y nonbonding, and, f o r most metals, p a r t i a l l y occupied
by valence e l e c t r o n s . Many o f these o r b i t a l s w i l l be outward p o i n t i n g and c l e a r l y t h e source o f f u r t h e r r e a c t i o n s , condensation, e t c . As a r e s u l t , t r a n s i t i o n metal c l u s t e r s w i l l be s t a b l e i n dense systems o n l y when these o r b i t a l s a r e f u l l y occupied, as i s commonly encountered when t h e c l u s t e r s are e f f e c t i v e l y sheathed by n e u t r a l 1 igands (CO, phosphines, etc.) or, sometimes, anions. The usefulness o f t h e 1 8 -e l e c t r o n r u l e f o r each metal atom i n so many organometallic examples a t t e s t s w e l l t o these o r b i t a l requirements and t o t h e existence o f a s h a r p l y l i m i t e d number o f e l e c t r o n i c c o n f i g u r a t i o n s o f s p e c i a l s t a b i l i t y i n what we chose t o c a l l "chemical" c l u s t e r s . N a t u r a l l y , t h e presence o f fewer l i g a n d s o r anions on a c l u s t e r surface can be thought of as f u r t h e r i n g t h e condensation o f these c l u s t e r s through a d d i t i o n a l metal-metal bonding i n t o l a r g e r c l u s t e r s , oligomers, and so f o r t h . T a n t a l i z i n g l y l a r g e c l u s t e r s may be so achieved, e.g., w i t h RhI3, Pt2.5, o r A u~~ u n i t s s u i t a b l y encased by l i g a n d s ( r e f . 3 ) . However, most o f t h e u s e f u l l i g a n d s i n these cases f a l l i n t o t h e molecular/organic category, and t h e upper l i m i t s o f s t a b i l i t y f o r these c l u s t e r s are low, seldom exceeding a couple o f hundred degrees C.
Before moving t o t h e more l i m i t e d v a r i e t y o f c l u s t e r systems t h a t a r e s t a b l e a t elevated temperatures, i t i s worth n o t i n g t h a t t h e r e i s an area o f exception t o t h i s naked c l u s t e r r e a c t i v i t y , and t h i s occurs l a r g e l y because t h e c o n s t i t u e n t elements have a v e r y l i m i t e d number o f good bonding o r b i t a l s a v a i l a b l e . T h i s circumstance a p p l i e s best t o c l u s t e r s o f t h e p o s t -t r a n s i t i o n o r main-group elements from t h e s i l i c o n , phosphorus and s u l f u r f a m i l i e s i n low o x i d a t i o n s t a t e s where p o r b i t a l s are t h e p r i n c i p a l means f o r bonding, t h e increasing s-p separation f o r elements i n t h e l a t e r groups o r heavier p e r i o d s l e a d i n g t o s o r b i t a l s t h a t e x h i b i t e s s e n t i a l l y o n l y nonbonding f u n c t i o n s . As i n boranes, t h e t h r e e valence o r b i t a l s generate s t r o n g l y bonding, closed s h e l l c o n f i g u r a t i o n s i n several categories; those w i t h 2n t 2 e l e c t r o n s i n c l o s o ( r e g u l a r d e l t a h e d r a l ) geometries c o n t a i n i n g n s k e l e t a l atoms, 2n t 4 e l e c t r o n s i n t h e r e l a t e d n i d o polyhedron where one v e r t e x i s missing, e t c . Another problem i n t h e i s o l a t i o n o f these, as i l l u s t r a t e
d by t h e Sb4 and B i 4 analogs o f P4, i s t h a t t h e n e u t r a l species i n e v i t a b l y rearrange t o t h e common elemental s t r u c t u r e s i n t h e condensed s t a t e . T h i s tendency can be a l t e r e d s u b s t a n t i a l l y by working w i t h t h e i s o e l e c t r o n i c i o n s so t h a t d i s p r o p o r t i o n a t i o n i s t h e l i m i t i n g r e a c t i o n , v i z . , NazBi4 -> 2NaBi t 2Bi, and by reducing t h e l a t t i c e energy change t h a t f a v o r s t h e decomposition product e i t h e r through strong complexing o f t h e sodium c a t i o n s i n both b i n a r y phases w i t h 2,2,2 c r y p t , a p o l y e t h e r amine, o r by s u b s t i t u t i o n o f a l a r g e c a t i o n , e.g., NR4+. t h e s o -c a l l e d Z i n t l anions, t h a t have been i s o l a t e d i n t h i s way i n c l u d e t h e c l o s o Sn52
:, Pb5z-and T1Sn93-, t h e n i d o PbzSbzz-and Sn94-, and square p l a n a r Bi42-( r e f . 4 ) . O f course, h i g h temperature s t a b i l i t y i s l o s t by these l a s t t r i c k s , b u t some o f these anions, o r t h e i r i s o e l e c t r o n i c analogs, may s t i l l be found i n a l i m i t e d number o f h i g h temperature systems. Thus, Bi82+ and B i 5 3 + can be i s o l a t e d from molten AlC14-systems ( r e f . 5 ) , and some o f t h e smaller o r more s t a b l e polyanions a r e found as h i g h m e l t i n g a l k a l i -m e t a l compounds, viz., as AS?-and Te3z-as w e l l as t h e P4 analogs Ge44-, Sn44-, e t c ( r e f . 6).
Naked c l u s t e r species w i t h e l e c t r o n i c c o n f i g u r a t i o n s l i k e t h e boranes and Z i n t l i o n s above e x h i b i t s t a b i l i t i e s t h a t f a r exceed those w i t h o t h e r e l e c t r o n counts. However, i t appears t h a t none o f t h e known, o r p r e d i c t a b l e , closed s h e l l examples c i t e d above can be achieved as n e u t r a l o r low charged c l u s t e r s i n a beam generated from a s i n g l e t y p e o f atom, except o f course f o r analogs o f t h e l o n g known P4. On t h e o t h e r hand, these s p e c i a l "chemical" c o n f i g u r a t i o n s w i t h t h e i r v e r y l a r g e s t a b i l i t y enhancements can be r e a d i l y observed i n mixed element beams as what have been c a l l e d "compound c l u s t e r s " , f o r example, as Pb3Sbz, PbzSb3+ (2Sn52-), Pb5Sb4 (2Pb94-), Cs5Sn9+ (2Sn94-) and Bi41n+ (2Bi53+) ( r e f . 7-10).
Examples o f such naked c l u s t e r s , SOLID STATE CLUSTERS BY HIGH TEMPERATURE ROUTES Inorganic groups t h a t sheath t r a n s i t i o n metal c l u s t e r s and render them s t a b l e a t h i g h e r temperatures have t r a d i t i o n a l l y i n v o l v e d t h e chalcogenides and h a l i d e s , although examples o f t h e p n i c t i d e s (As, Sb, etc.) w i l l a l s o be considered l a t e r . chalcogenides a r e t h e famous Chevrel phases b u i l t from u n i t s l i k e Mobs8, i n which a nominal metal octahedron has s u l f u r s t r o n g l y bound over each t r i a n g u l a r face. S t r o n g l y bonding o r b i t a l s t h a t remain a t each metal v e r t e x cause these t o l i n k f u r t h e r , s i x o f t h e facecapping s u l f u r s i n one c l u s t e r a l s o bonding t o v e r t i c e s i n s i x o t h e r c l u s t e r s and v i c e versa, an arrangement t h a t a l s o provides a Mo-Mo i n t e r c l u s t e r conduction path and m e t a l l i c i t y . Many d e r i v a t i v e s such as MIxMo6S8 ( x 5 4 ) , oligomers S(Mo3S3)Jm-, and i n f i n i t e polymer chains .&[Mo3S3-] as w e l l as molybdenium and niobium oxide examples have been discovered and are w e l l described elsewhere ( r e f . 11-13). t r a n s i t i o n metals i n which i n t e r s t i t i a l s p r o v i d e an a d d i t i o n a l v e r s a t i l i t y represent a s t i l l newer chemistry and p r o v i d e broader i n s i g h t s on c l u s t e r s t a b i l i t y .
T r a d i t i o n a l metal c l u s t e r ha1 i d e s are almost always based on t r a n s i t i o n -m e t a l octahedra t h a t are edge-bridged by 12 h a l i d e atoms. The number o f b i n a r y c l u s t e r h a l i d e s t h a t a r e p o s s i b l e i s r e l a t i v e l y low, r e f l e c t i n g a h i g h l y r e s t r i c t e d range o f s t a b l e e l e c t r o n i c c o n f i g u r a t i o n s , p a r t i c u l a r l y a t elevated temperatures where e q u i l i b r i u m c o n s i d e r a t i o n s apply. Accordingly, The c l a s s i c examples among t h e C l u s t e r h a l i d e s o f t h e e a r l y Chemical clusters from solid state systems at high temperatures 105 t h e known examples i n v o l v e o n l y (Nb,Ta)6X122+13+ u n i t s f o r X = F, C1, Br, and some I, corresponding t o c l u s t e r s w i t h 15 o r 16 bonding e l e c t r o n s a f t e r t h e lower l y i n g halogen valence l e v e l s a r e f i l l e d . The b i n a r y compounds t h a t c o n t a i n these c l u s t e r s u t i l i z e t h e a d d i t i o n a l h a l i d e anions i n i n t e r c l u s t e r b r i d g i n g r o l e s , e.g., i n Nb6Cl14, Ta6Cl15, w h i l e t e r n a r y
versions w i t h t h e same e l e c t r o n counts may be formed w i t h a d d i t i o n a l a l k a l i -m e t a l h a l i d e , CsNb6Cl15 and Na4Nb6Cl18 f o r example. The anion i n t h e l a s t i s w r i t t e n more c l e a r l y as (Nb6Cl12)C164-t o show t h a t t h e l a s t s i x c h l o r i d e s a r e i n d i v i d u a l l y bonded a t t h e c l u s t e r v e r t i c e s .
An even smaller group o f face-capped octahedral c l u s t e r h a l i d e s a r e known i n (Nb618)13 and (Mo6X8)X4 (X # F), b u t t h e l i s t can be expanded by i n c l u d i n g mixed halide-chalcogenide c l u s t e r s o f molybdenum and rhenium ( r e f . 11, 12).
Several new types o f c l u s t e r u n i t s , as w e l l as a much g r e a t e r v e r s a t i l i t y i n s t o i c h i o m e t r y and s t r u c t u r e s , have r e c e n t l y been found f o r t h e e l e c t r o n -p o o r e r t r a n s i t i o n metals i n groups 3 ( r a r e -e a r t h elements R) and 4 (Zr, H f ) . Since t h e average o x i d a t i o n s t a t e o f t h e metal i n an M6X12mc c l u s t e r w i t h a p o s i t i v e charge o f 0 s m s 3 ( l i k e t h e group 5 examples above) i s t2 t o t2.5, analogous c l u s t e r s composed o f these e a r l i e r elements would c o n t a i n o n l y 3 -6 (R) o r 9 -12 ( Z r ) metal-metal bonding electrons, s i g n i f i c a n t l y below those i n any known examples s t a b l e a t h i g h temperature. The generation o f t h e zirconium c l u s t e r s w i t h an appreciable n e g a t i v e charge might help, b u t i n f a c t o n l y those i n t h e r a r e -e a r t h -m e t a l group seem t o form c l u s t e r anions. Nature i n s t e a d provides a new and remarkable way around t h i s shortage o f c l u s t e r bonding electrons, t h e encapsulation o f an i n t e r s t
i t i a l atom (Z) w i t h i n t h e c l u s t e r s t o f u r n i s h n o t o n l y a d d i t i o n a l e l e c t r o n s b u t a l s o s t r o n g host -Z bonding. The c l u s t e r example shown i n F i g . l ( a ) emphasizes t h e s t r o n g Zr-Z bonding and t h e h a l i d e bonded a t each vertex. A considerable range o f valence c h a r a c t e r i s t i c s among t h e workable Z examples now a l l o w s access t o a l a r g e v a r i e t y o f c l u s t e r charge types (compositions), s t r u c t u r e s and new chemistry, i n marked c o n t r a s t t o t h e small v a r i a b i l i t y known w i t h niobium and tantalum.
Only s i x s t r u c t u r e types and t h r e e X:M r a t i o s a r e known f o r t h e l o t . Some o f these p r o v i d e remarkable p a r a l l e l s i n host-Z combinations w i t h i n t e r m e t a l l i c systems t o be described s h o r t l y . The c l u s t e r h a l i d e work i s q u i t e recent, and o n l y l i m i t e d amounts have been published, e s p e c i a l l y f o r t h e rare-earth-metal i o d i d e s .
Centered zirconium chlorides
The breadth o f z i r c o n i u m c h l o r i d e examples t h a t can be achieved a r i s e s from t h r e e aspects o f bonding o r b i t a l conservation. The f i r s t comes from i n t e r n a l Zr-Zr and Zr-Z bonding and t h e v a r i a b i l i t y i n t h e number o f valence e l e c t r o n s provided by t h e i n t e r s t i t i a l s Z t h a t may be accommodated, namely H, Be, B, C o r N i n a l a r g e range o f s t r u c t u r e s o r t h e t r a n s i t i o n metals Mn, Fe, Co o r N i i n j u s t a few. The s t r u c t u r a l v a r i e t y a r i s e s from two o t h e r remarkable f e a t u r e s o f these (and o t h e r ) c l u s t e r s , t h e dominance o f six-metal octahedra, always w
i t h twelve edge-bridging h a l i d e s (M6X12), and t h e e v i d e n t n e c e s s i t y o f bonding some s o r t o f h a l i d e a t t h e s i x metal v e r t i c e s o f each c l u s t e r ( F i g . l ( a ) ) . As t h e C1:Zr r a t i o increases from 12 t o 18, t h e c h l o r i d e used f o r t h e l a s t t y p e o f bonding changes from t h a t
which is also edge-bridging halide in other clusters through chloride that bridges between clusters (Zr6-C1-Zr6) to chloride that is bound at only one vertex. 
Centered zirconium iodides
The zirconium cluster iodides seem to be somewhat more flexible than the chlorides in both the size o f Z that can be accommodated and deviations from the optimum electron count. and sheet condensation products j u s t noted; even i s 0 1 ated o r condensed t e t r a h e d r a are very r a r e . I n o t h e r words, t h e l a r g e r halide-sheathed Zr13 c l u s t e r (close-packed 3-7-3) must be unstable w i t h respect t o t h e Zr6Xlz u n i t p l u s zirconium metal. The s m a l l e r six-atom c l u s t e r may be favored by strong, p o l a r Zr-X bonding i n an e f f e c t i v e s p a c e -f i l l i n g r e s u l t together w i t h e n e r g e t i c a l l y b e t t e r bonding i n t h e b u l k metal, as w i l l be discussed elsewhere ( r e f . 29).
S u b s t a n t i a l l y a l l o f t h e h a l i d e compounds discussed above are obtained i n >go% y i e l d from r e a c t i o n s o f t h e components i n welded niobium o r tantalum c o n t a i n e r s a t 750' -950'C f o r 1 -4 weeks. T h e i r h i g h thermodynamic s t a b i l i t i e s r e l a t i v e t o a l t e r n a t e products make v i r t u a l l y q u a n t i t a t i v e y i e l d s common, which i n t u r n p r o v i d e u s e f u l assessments t h a t t h e s t o i c h i o m e t r i e s have been c o r r e c t l y deduced. An attempt t o i n s e r t an u n s u i t a b l e Z accordi n g l y g i v e s o n l y a binary, and o f t e n r a t h e r o r d i n a r y , phase, ZrC1, Zr13, Y13 and Pr12, f o r exampl e.
POLAR INTERMETALLICS
Our i n q u i r y r e g a r d i n g both c l u s t e r s and t h e i r i n t e r s t i t i a l chemistry now extends beyond h a l i d e s and chalcogenides t o t r a n s i t i o n -m e t a l -r i c h compounds o f t h e p n i c t i d e s , As, Sb and B i p a r t i c u l a r l y b u t a l s o even f u r t h e r t o compounds o f S i , Ge, Sn, and Pb. These compounds do not i n v o l v e any major changes i n concepts, although t h e l a s t two types are a p t t o be a good deal l e s s f a m i l i a r . A l l compounds formed between one o f t h e e a r l i e r t r a n s i t i o n metals (M) and one o f these main-group (6) 
nonmetals, m e t a l l o i d s , o r neighboring metals possess some common c h a r a c t e r i s t i c s r e g a r d i n g e l e c t r o n i c and bonding features, namely those t h a t a r i s e because o f s i z a b l e d i f f e r e n c e s i n valence s t a t e i o n i z a t i o n energies ( -e l e c t r o n e g a t i v i t i e s ) o f t h e two types o f atoms. As a r e s u l t , t h e main-group elements i n a l l o f these w i l l be t h e major components o f low l y i n g (and t h e r e f o r e f i l l e d ) valence p bands, and s t r o n g heteroatomic M-B bonding t h e r e w i t h w i l l c o n t r i b u t e g r e a t l y t o t h e s t a b i l i t y o f these compounds. antimonides f o r example as " s a l t s " , t h e i r p o l a r n a t u r e does make t h e f o r e g o i n g e l e c t r o n i c r e l a t i o n s h i p v e r y probable. The metal -r i c h phases o f i n t e r e s t g e n e r a l l y c o n t a i n i s o l a t e d main group elements and t h e r e f o r e e x h i b i t no B-B bonding, so p a r t i c u l a r l y simple (8-N) valence expectations apply t o these anions. (Use o f t h e term "anion" n a t u r a l l y r e f e r s t o t h e p o l a r i t y , n o t t h e presence o f something approaching a " f r e e " ion.) Phases t h a t a r e r i c h i n t h e t r a n s i t i o n -m e t a l component w i l l l i k e l y a l s o e x h i b i t s i g n i f i c a n t M-M bonding. Valence e l e c t r o n s t h a t remain a f t e r t h e predominantly main group element (6) valence s t a t e s (bands) a r e f i l l e d w i l l occur i n a conduction ( o r metal valence) band t h a t has major c o n t r i b u t i o n s from e l e c t r o p o s i t i v e metal ( M ) . p e r i o d i c t a b l e t h e main-group element can l i e and s t i l l have t h e compound e x h i b i t no overlap between t h e f i l l e d , n o m i n a l l y B, valence band and t h e metal conduction band remains t o be determined. However, we can a n t i c i p a t e t h a t t h e more e l e c t r o p o s i t i v e metals and many o f the main-group metals o r m e t a l l o i d s w i l l form what we have termed " p o l a r i n t e r m e t a l l i c s " , compounds i n which s t r o n g heteroatomic bonding and t h e above v a l e n t e g e n e r a l i t i e s apply ( r e f . 30). The change from h a l i d e t o chalcogenide t o p n i c t i d e c l u s t e r s o r o t h e r a r r a y s requires, a l l o t h e r t h i n g s being equal, an increased number o f e l e c t r o n s t o meet t h e valence requirements o f t h e anions, o r a decrease i n t h e r e l a t i v e number o f anions. and approximate e l e c t r o n count, t h e chalcogenide analog o f a h a l i d e c l u s t e r should i n t h e Although i t would be s i m p l i s t i c and misleading t o i d e n t i f y a l l o f t h e J u s t how f a r t o t h e l e f t i n t h e
For t h e same s t r u c t u r a l u n i t 108 J. D. C O R B E n era/.
f i r s t case be found f o r a l a t e r t r a n s i t i o n metal, as i s observed (Mo vs Nb), although a simultaneous change from a M6Y12-t o a M6Y8-type c l u s t e r and thus i n t h e optimum e l e c t r o n count a l s o p e r t a i n . p l a t i n u m metals e v i d e n t l y does n o t occur; instead, another v a r i a b l e comes i n t o p l a y . A l t e r n a t e ways t o compensate f o r an e l e c t r o n count p e r c l u s t e r t h a t i s t o o low a r e through t h e i n c l u s i o n of an i n t e r s t i t i a l , as we have seen, o r v i a c l u s t e r condensation i n t h e presence o f fewer anions. t h e f i r s t f o u r t r a n s i t i o n -m e t a l groups w i t h t h e i r p a u c i t y o f valence e l e c t r o n s . Increases i n anion p o l a r i z a b i l i t y (-formal charge, covalency)
are probably a l s o important i n these r e s u l t s , Of course, these "explanations" are n o t s u f f i c i e n t t o p r e d i c t phase s t a b i l i t y . Nonetheless, what i s found may o f t e n be viewed as t h e r e s u l t o f condensation o f small, o f t e n six-metal, c l u s t e r s through sharing o f v e r t i c e s , edges o r faces i n t o , most o f t e n , i n f i n i t e arrays. Sometimes t h e condensation i s so extensive t h a t t h e sense o f a simple c l u s t e r i s v i r t u a l l y l o s t . The v a r i e t y o f p o s s i b i l i t i e s has been thoroughly discussed by Simon ( r e f .
11). An i n t e r s t i t i a l chemistry comparable t o t h a t i n t h e h a l i d e s described above does not seem t o have been i n v e s t i g a t e d ( o r stumbled upon) f o r most o f t h e p n i c t i d e s ( o r chalcogenides) o t h e r than f o r a few hydrides.
Mn5Si3 s t r u c t u r e , and a broad one i t i s .
The M n 5 Si3 structure
Compounds i n Mn5Si3 s t r u c t u r e have l o n g been known o r suspected t o t a k e up i n t e r s t i t i a l s , carbon and oxygen most often, o r even t o r e q u i r e t h e same f o r s t a b i l i t y ( r e f . 31-34).
few q u a n t i t a t i v e s t u d i e s o f s t r u c t u r e o r composition have appeared i n support o f these ideas, however. appear t o be candidates i s remarkable as w e l l , some 155 by one count ( r e f . 33), i n phases t h a t encompass t r a n s i t i o n (M) metals from groups 2 through 6 t o g e t h e r w i t h main-group elements (B) i n v o l v i n g a l l members o f t h e boron, carbon and n i t r o g e n f a m i l i e s . Pearson's handbook has 264 e n t r i e s f o r t h i s s t r u c t u r e t y p e when mixed systems a r e i n c l u d e d ( r e f . 35).
It would be s u r p r i s i n g indeed i f o t h e r m e t a l -r i c h s t r u c t u r e s i n v o l v i n g many o f these same o r neighboring elements, chalcogenides i n p a r t i c u l a r , d i d n o t a l s o e x h i b i t a s i m i l a r i n t e r s t i t i a1 c hemi s t r y .
The important s t r u c t u r a l f e a t u r e s o f t h e Mn5Si3 arrangement are i l l u s t r a t e d i n F i g . 3 f o r t h e p a r t i c u l a r case o f Zr5Sb3 ( r e f . 30). The hexagonal s t r u c t u r e c o n t a i n s two types o f i n f i n i t e metal chains. F i g . 3(a) d e p i c t s a p o r t i o n o f t h e c h a i n o f c o n f a c i a l (face-sharing) metal octahedra Zr6&b6,, t h a t l i e s along O,O,z i n t h e u n i t c e l l , and i n F i g . 3(b), t h e l i n e a r chain o f metal (Zr,) t h a t occurs along 1/3,2/3,z and 2/3,1/3,z and i s reminiscent o f those i n t h e A15 s t r u c t u r e . The two chain types a r e n o t as i s o l a t e d and t h e bonding i s n o t as a n i s o t r o p i c as i m p l i e d by these views; t h e antimony ( o r B) elements t h a t b r i d g e edges o f t h e shared faces o f t h e octahedra ( l e f t ) a r e t h e same as those t h a t are s i x -c o o r d i n a t e about zirconium (M) atoms on t h e l i n e a r chain ( r i g h t ) . I n f a c t , t h e Zr-Zr d i s t a n c e s between t h e chains a r e comparable t o those w i t h i n t h e shared octahedra, though t h e i n t e r c h a i n overlap p o p u l a t i o n (-bond s t r e n g t h ) i s n o t as l a r g e . i n Chevrel phase d e r i v a t i v e s i n v o l v i n g J,[Mo3(Ch)r] u n i t s (Ch = chalcogenide); i n f a c t , t h e s t r u c t u r e o f KMo3S3 can be d e r i v e d from t h a t o f Mn5Si3
by r e p l a c i n g p a i r s o f atoms i n t h e l i n e a r (Zr,) chains by s i n g l e potassium ions.
Interstitial derivatives
Many s i n g l e c r y s t a l s t u d i e s have now s e t t l e d t h e questions o f t h e amounts o f i n t e r s t i t i a l s incorporated and where t h e y go -i n t h e r a t h e r obvious octahedral c a v i t i e s i n t h e chain on
t h e l e f t (small c i r c l e , F i g . 3(a)) and o f t e n a t f u l l occupancy ( r e f . 36).
what had been estimated e a r l i e r i n o t h e r systems, l a r g e l y on t h e b a s i s o f powder d i f f r a c t i o n and l a t t i c e constants.
Syntheses o f both t h e b i n a r y M5B3 hosts and t e r n a r y M5B3Z compounds c o n t a i n i n g i n t e r s t i t i a l Z have g e n e r a l l y been aimed a t achieving q u a n t i t a t i v e y i e l d s so t h a t t h e s t o i c h i o m e t r i e s are c l e a r , t h e h i g h s e n s i t i v i t y o f G u i n i e r powder d i f f r a c t i o n being r o u t i n e l y employed f o r the y i e l d determination. T r a d i t i o n a l methods o f a r c m e l t i n g (= 3000'C) f o l l o w e d by annealing as w e l l as powder s i n t e r i n g have been employed most f r e q u e n t l y , although metal -f l u x e d and vapor-phase-transport r e a c t i o n s have a l s o been u s e f u l . t y p i c a l l y necessary t o g e t e q u i l i b r i u m . S e l f i n t e r s t i t i a l s i n phases l i k e Zr5Sb3+x, 0 5 x 5 0.4, o r Zr5Sn4 are sometimes found ( t h e f u l l y occupied example i s c a l l e d t h e Ti5Ga4 s t r u c t u r e ) . L a t t i c e constant changes produced by s e l f -( B ) i n t e r s t i t i a l s may sometimes mimic those produced by f o r e i g n (Z) elements, so more than a q u a l i t a t i v e change i n l a t t i c e dimensions may be necessary t o e s t a b l i s h t h e formation o f a g i v e n t e r n a r y phase. The wide range of main-group elements t h a t form t h e b i n a r y phases a l s o means t h a t some B-Z interchange may occur i n some systems, p a r t i c u l a r l y a t a r c temperatures, b u t o r d e r i n g seems t o be achieved f a i r l y r e g u l a r l y on anneal i ng ,
The chemistry and valence p r o p e r t i e s o f these extended c l u s t e r systems a r e s i g n i f i c a n t l y more v a r i a b l e than f o r t h e f a i r l y e l e c t r o n -p r e c i s e c l u s t e r and extended c l u s t e r h a l i d e s noted above. s i m i l a r . As might be a n t i c i p a t e d from t h e e a r l i e r remarks r e g a r d i n g t h e valence
Continuation o f t h i s t r e n d t o g i v e i s o l a t e d c l u s t e r p n i c t i d e s o f t h e The l a t t e r seems t o apply r e g u l a r l y t o m e t a l -r i c h p n i c t i d e s o f One major exception i s compounds w i t h t h e Very The breadth o f t h e b i n a r y M5B3 phases t h a t form w i t h t h i s s t r u c t u r e and The c o n f a c i a l chain i s very s i m i l a r t o those T h i s confirms
Temperatures o f 900 -1200°C are On t h e o t h e r hand, t h e l o c a l Zr-Z bonding i n t e r a c t i o n s should be r a t h e r 
Zr5Sb3 (ref. 30).
Antimony -large circles, zirconium -medium circles, interstitial Z -small circles. The confacial chain of zirconium (2) octahedra in (a) contains the interstitial site for Z.
linear zirconium(1) chain in (b) are the same as those sheathing the octahedral chain in (a).
The separate chains in the Mn5Si3 type structure, as determined for
The antimony atoms about the characteristics of "polar intermetallics", many of these host M5B3 phases are metallic, and we shall keep book not on the cluster-centered bonding electron population but on the total number of electrons in the conduction band in the hosts and in the ternary products with Z.
Thus Zr5Sb3 has 5.4 -3-3 = 1 1 electrons per formula unit in the conduction band, a quantity that we designate as n. achieve the n = 0 state through choice o f the host or Z, or both, has also been investigated in several systems. compound (Zintl phase), conventionally a semiconductor. Resistivity studies relating t o this end point are underway. Distortions in low-n systems that might be o f a Peierls or other character and lead to band splitting have not been seen; on the other hand, fractional occupancy by Z in an ordered manner does lead to some interesting superstructures (ref.
36,37).
Zr, Sba host: n = 11
The amazing ability of the Zr5Sb3 host to bond interstitial atoms with a wide range of chemical properties is summarized by the following list of those that have been incorporated (ref. The ability to tune these systems so as to either approach or
The n = 0 limit naturally represents the formation of a valence On the other hand, the
The system with Z = Fe is
The d e n s i t i e s -o f -s t a t e s r e s u l t s from an extended-HUckel band c a l c u l a t i o n f o r t h e Zr5Sb3 host are shown i n F i g u r e 4. T h i s emphasizes t h e valence c h a r a c t e r i s t i c s already a n t i c i p a t e d i n a general way. P r o j e c t i o n s o f t h e Sb 5p and Z r 4d o r b i t a l c o n t r i b u t i o n s show t h a t a l l o f t h e antimony 5p (and 5s) bonding and nonbonding s t a t e s occur i n a low l y i n g valence band(s) w h i l e o n l y t h e Z r l ( l i n e a r chain) and Zr2 (chain o f octahedra) atoms (Fig. 3 ) make s i g n i f i c a n t c o n t r i b u t i o n s t o t h e conduction band. The f o r m a t i o n o f an i n t e r s t i t i a l d e r i v a t i v e from t h i s w i l l i n a general sense u t i l i z e some o f t h e e l e c t r o n s and zirconium o r b i t a l s i n t h e (approximately nonbonding) conduction band t o form Zr-Z bonds w h i l e r e t a i n i n g w i t h l i t t l e a l t e r a t i o n t h e dimensions and s t r o n g valence bonding o f t h e host. 
The d e n s i t i e s -o f -s t a t e s r e s u l t s f o r Zr5Sb3 (extended-Huckel
The Zr2 and Z r l atoms a r e i n t h e c o n f a c i a l and l i n e a r chains, Figure 5 shows f o r comparison t h e comparable c a l c u l a t i o n a l r e s u l t f o r Zr5Sb3S. As generalized above, t h e p r i n c i p a l r e s u l t i s t h e l o s s o f two e l e c t r o n s (and some Z r 4d s t a t e s ) from t h e conduction band and t h e appearance o f S 3p (and some more Z r 4d) bonding s t a t e s t h a t overlap t h e lower energy p a r t o f t h e antimony valence band. (The Sb 5s and S 3s l e v e l s appear a t h i g h e r b i n d i n g energies (--20 eV) and are r e l a t i v e l y unimportant.) Calculated overlap p o p u l a t i o n s emphasize t h e g a i n o f Zr-Z bonding and t h e l o s s o f what was o n l y modest Zr-Zr bonding i n t h e c o n f a c i a l chains i n forming t h e s u l f i d e . On t h e o t h e r hand, t h e overlap p o p u l a t i o n s f o r Zr-Sb, Z r l -Z r l and Zrl-Zr2 i n t e r a c t i o n s and a l l Zr-Sb distances are v i r t u a l l y unchanged i n t h e process. i n t e r s t i t i a l i n c l u s i o n show up as a l a t e r a l expansion o f t h e shared faces o f t h e host chain, w h i l e t h e Z r l -Z r l distances along t h e l i n e a r chain and, therewith, t h e c a x i s e x h i b i t much l e s s increase, perhaps because t h i s dimension i s more determined by s t r o n g bonding i n t h i s chain. The d r i v i n g f o r c e f o r these r e a c t i o n s seems t o d e r i v e , as w i t h t h e e a r l i e r i s o l a t e d c l u s t e r examples, from t h e formation o f s t r o n g Zr-Z bonds, b u t w i t h t h e necessary valence e l e c t r o n s r e q u i r e d coming from t h e conduction band supply. The Zr-Z bonding l e v e l s f o r a l l o f t h e Z examples l i s t e d above w i l l n a t u r a l l y n o t l i e w i t h i n t h e Sb 5p (-Zr) valence band as described above f o r s u l f u r .
Zr5 Sn3, Zr5 Pb3 hosts: n = 8
The t i n system a t e q u i l i b r i u m near 11OO'C contains o n l y t h e l i n e phases Zr5Sn, and Zr5Sn4, although homogeneous samples near Zr5Sn3.3 t h a t c o n t a i n i n t e r s t i t i a l t i n can be obtained by arc m e l t i n g . temperature g r a d i e n t s d u r i n g a r c m e l t i n g was apparently r e s p o n s i b l e f o r an e a r l i e r r e p o r t o f t h e formation o f two d i s t i n c t phases w i t h t h i s s t r u c t u r e ( r e f . 38). accommodated by Zr5Sn3 i s s i m i l a r t o t h a t g i v e n f o r antimony, v i z , I n general, t h e g r e a t e s t dimensional changes on The lanthanum systems a r e s t i l l under e x p l o r a t i o n , b u t several aspects are already i n evidence. Expanded Mn5Si3 s t r u c t u r e s r e a d i l y r e s u l t f o r La5Ge3Z w i t h Z = Fe, Ru, Co, N i , Cu, B, C, P o r As, and new s u p e r c e l l s occur w i t h some metals f o r ordered, f r a c t i o n a l Z. Likewise, t h e l e a d analog forms i s o s t r u c t u r a l compounds w i t h B, C, Mn, Fe, Ru, Co, N i , Cu, Sb o r B i , It i s i n t e r e s t i n g t h a t b i n a r y La-Fe compounds a r e unknown.
Reactions o f these La5(Ge,Pb)3 (n = 3) hosts w i t h equimolar amounts o f Z = S i , Ge, Sn (and Z = Pb f o r B = Ge), a l l o f which r e q u i r e f o u r more valence e l e c t r o n s , u n i f o r m i l y g i v e a q u a n t i t a t i v e y i e l d o f La5(Ge,Pb)3Z i n t h e Sm5Ge4 s t r u c t u r e . (Whether t h e r e i s o r d e r i n g of Ge o r Pb and Z i s n o t known.) already o u t l i n e d s i n c e occupation o f t h e valence l e v e l s o f b o t h t h e main group element (6) and Z should produce n = -1, i .e., w i t h one h o l e i n t h e valence band. The usual consequence o f t h i s p o s s i b i l i t y i s t h e same as w i t h many o t h e r Z i n t l phases ( r e f . 6), t h e formation o f B-B (6-Z o r Z-Z) dimers equal i n number t o o n e -h a l f t h e number o f p o t e n t i a l holes, and t h i s i s e x a c t l y what t h e Sm5Ge4 s t r u c t u r e represents. A phase w i t h an i n t e r s t i t i a l occupancy o f 0.75 o r l e s s which would s t i l l a l l o w r e t e n t i o n o f t h e Mn5Si3 s t r u c t u r e (n 2 0) does n o t appear t o be s t a b l e f o r Z = S i , Ge. The occupancy w i t h Z = B, C i s n o t c l e a r a t t h i s t i m e . M5 B3 hosts: n = 1 F i n a l l y , t h e same Mn5Si3 s t r u c t u r e i s known t o r e s u l t f o r most members o f t h e f a m i l y (Ca, Sr, Ba)5(As,Sb,Bi)3. A few a l s o e x h i b i t t h e r e l e v a n t /?-Yb5Sb3 t y p e s t r u c t u r e -below.
A l l o f these M5(Sb,Bi)3 examples have r e c e n t l y been found t o a l s o form i s o s t r u c t u r a l c h l o r i d e s M5(Sb,Bi)3C1 ( n = 0) and, f o r t h e t h r e e examples studied, bromides as w e l l . The volume increases observed on c h l o r i d e formation a r e o n l y o n e -f o u r t h ( w i t h calcium) t o oneh a l f (barium) o f t h e standard value f o r a c h l o r i d e ion, i n d i c a t i n g how much o f t h e c a v i t y i s already a v a i l a b l e i n t h e b i n a r y phase. Again, t h e p r i n c i p a l dimensional change appears t o be i n t h e shared face o f t h e octahedral chain. The compounds Ce5(Sb,Bi)3 (n = 3) a l s o form analogous c h l o r i d e s and bromides (n = 2 ) . The 5:3 a l k a l i n e -e a r t h -m e t a l compounds w i t h B = S i , Ge, e t c . ( n = -2) occur i n t h e Cr5B3 s t r u c t u r e w i t h B-B dimers, i n complete analogy w i t h t h e lanthanium examples c i t e d above.
It was noted above t h a t some o f these a l k a l i n e -e a r t h -m e t a l b i n a r i e s form a r e l a t i v e l y complex 8-Yb5Sb3 s t r u c t u r e as w e l l . A s u i t a b l e , preformed b u t small i n t e r s t i t i a l c a v i t y and T h i s re.sult i s i n complete accord w i t h valence expectations
u c t u r e can a l s o be synthesized (but n o t Ba5Sb3F). Appropriate amounts of iodide, oxide o r s u l f i d e a l l form Z i n t l phases w i t h o t h e r s t r u c t u r e s ( r e f . 39).
Both f l u o r i d e and c h l o r i d e are p l a u s i b l e i m p u r i t i e s i n t h e a l k a l i n e -e a r t h -m e t a l samples t h a t were a v a i l a b l e i n p a s t decades, and so e a r l i e r r e p o r t s on t h e A5B3 b i n a r y compounds may have a c t u a l l y p e r t a i n e d t o t h e t e r n a r y ha1 ides. Unfortunately, l a t t i c e dimensions are t h e o n l y p r a c t i c a l means o f comparison, and some o f t h e o l d e r values were n o t v e r y accurate. However, i n a l a r g e r context, t h e r e are probably many r e p o r t e d phases t h a t unknowningly contained, o r were s t a b i l i z e d by, a d v e n t i t i o u s i m p u r i t i e s i n s i m i l a r r o l e s . Whether there are such chemical and s t r u c t u r a l r o l e s f o r e s s e n t i a l i n t e r s t i t i a l s i n important a l l o y systems i s g e n e r a l l y unknown b u t a t a n t a l i z i n g prospect.
